Signalised Intersection Capacity Reduction of Trucks by Ramsay, Euan et al.
Proceedings of the Fourth International Conference on Traffic and Transportation Studies 
August 2-4, 2004, Swissôtel, Dalian, China 
Edited by Baohua Mao, Zongzhong Tian and Quanxin Sun. Science Press: Beijing, China 
Signalised Intersection Capacity Reduction of Trucks 
Euan Ramsay1, Jonathan Bunker2 and Rod Troutbeck3 
ABSTRACT 
The lower acceleration capability of a heavy vehicle (HV) compared to that of a 
passenger car results in greater headways for the HV and vehicles behind it 
departing a queue at an intersection approach. The Highway Capacity Manual 
would associate this with increased start loss if the HV were located in the first 
four vehicles in a queue of vehicles, or with reduced saturation flow if located in 
the fifth or greater queue position. However, in determining saturation flow rate 
without conducting a survey, HVs are accounted for through the use of a 
passenger-car equivalency factor to reduce saturation flow – no provision is 
available to adjust start loss or end gain with HVs. A simple microsimulation 
model was developed to demonstrate the effects of HVs at different queue 
positions at a signalised intersection approach. Control delay was found to be 
greatest with the HV at the front of the queue, decreasing to that of the non-HV 
case as the HV was moved rearwards. Knowing the probability distribution of 
HVs amongst queue positions, an average control delay could be determined. 
Additional traffic-related effects of HVs are discussed, such as disproportionate 
lane utilisation behind and beside HVs. 
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INTRODUCTION 
In the analysis of the capacity and delay of urban arterial traffic corridors, multi-
combination vehicles (MCVs) and other heavy vehicles are traditionally 
accounted for by the use of Passenger Car Equivalency (PCE) factors. The 
Highway Capacity Manual (HCM, Transportation Research Board 2000) and 
other guides such as the Australian Road Research Board’s ARR123 (Akçelik 
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1981) recommend that saturation flow rates are reduced by a factor that is 
dependent on the proportion of heavy vehicles and a PCE factor representing an 
aggregation of heavy vehicle types. The Canadian Capacity Guide (CCG, Teply et 
al. 1995) uses a different approach, scaling the arrival flows by a traffic 
composition factor which relies on PCEs and performing the analysis using 
Passenger Car Units. Both methods rely on a constant, linear association between 
the reduction in capacity and the proportion of heavy vehicles in the traffic. 
There is considerable evidence of increasing demand for road freight, particularly 
in urban areas. This is resulting in an increased proportion of heavy vehicles in 
urban arterial corridors – the HCM recommends a default value of 2% heavy 
vehicles, whilst many current surveys in urban freight corridors indicate in excess 
of 10% heavy vehicles. Additionally, there is increasing utilisation of larger 
freight vehicles, such as MCVs, to carry this freight – according to the Survey of 
Motor Vehicle Use (ABS 1972-2003), freight carried in Australia by two-trailer 
B-doubles has increased over the past 5 years from 14% to 21% of the total tonne-
kilometres. This changing traffic composition is acknowledged to have an effect 
on capacity and delay; however the effect is not able to be adequately represented 
solely through current PCE-based methodologies. 
This project is seeking to develop an improved characterisation of heavy vehicles 
in the analysis of the performance of urban arterial traffic corridors. This 
characterisation shall account for a range of modern heavy vehicles in varying 
traffic and road conditions, and shall be able to be incorporated into existing 
design methods. 
This current paper presents the background to the project, details of the 
intersection model that is being developed, and some preliminary results. It forms 
part of a continuing series of publications related to a research project being 
conducted at Queensland University of Technology on the traffic-related impacts 
of MCVs. (Haldane and Bunker 2002; Bunker and Haldane 2003; Ramsay and 
Bunker 2003). 
BACKGROUND 
The use of PCEs is intended to handle the capacity reduction associated with the 
poorer longitudinal dynamic characteristics and greater length of heavy vehicles 
compared to those of passenger cars. Both the HCM and ARR123 recommend 
that a PCE value of 2 be used in the calculation of saturation flow rates at 
signalised intersections for through traffic movements, irrespective of the 
composition of heavy vehicles. This value can be traced back to the 1960’s 
(Miller 1968), well before the introduction of large multi-articulated vehicles to 
our urban road networks. The CCG provides PCE values that range from 1.5 for 
single unit trucks through to 3.5 for heavily-loaded multi-unit trucks, obtained 
from saturation flow surveys in several Canadian cities. In the absence of 
classified traffic data, the CCG recommends that an aggregate PCE value of 2 be 
used, in line with the HCM and ARR123. 
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Numerous researchers have identified an inadequate characterisation of heavy 
vehicles in practices including some of those discussed above; finding 
associations between PCE and heavy vehicle composition, traffic volumes and 
queue positioning. Both Molina (1987) and West and Thurgood (1995) found that 
PCEs of smaller heavy vehicles, such as two- and three-axle trucks, were found to 
be essentially independent of queue position; whereas headways and hence PCEs 
of larger heavy vehicles, such as MCVs, were greater when located towards the 
front of the queue. Cuddon and Ogden (1992) also identified heavy vehicle type 
as a major indicator of increased headways and the associated reduced saturation 
flow, particularly with turning manoeuvres. 
SIGNALISED INTERSECTION MODEL 
Basic model 
The current models used for analysis of signalised intersection capacity and delay 
(including the HCM, ARR123 and CCG) share a common basis in the model 
proposed by Webster (1958). As shown in Figure 1, this model assumes that the 
flow profile at a fully saturated approach can be approximated by a rectangle of 
height given by the saturation flow rate and base length given by the effective 
green time. The Start Loss (called start-up lost time in the HCM) is defined as the 
difference between the start of the displayed green time and the start of the 
effective green time; and the End Gain as the difference between the ends of these 
two green times. 
 
Figure 1: Signalised Intersection Queue Discharge Model (after HCM and ARR123) 
The reduction in capacity due to the presence of heavy vehicles is accounted for in 
the HCM and ARR123 by varying the height of this rectangle, that is, the 
saturation flow rate. 
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Measurement of saturation flow and start loss 
Different methods are used by the HCM and ARR123 to measure saturation flow 
and start loss. The HCM considers the fifth vehicle following the beginning of a 
green period to be the starting point for saturation flow measurement. Saturation 
flow is taken to be the reciprocal of the average headway of the fifth vehicle 
through to the last vehicle that was in the queue at the beginning of that green 
period. Start lost is defined as sum of the headways in excess of the saturation 
headway for the first four vehicles in the departing queue. 
ARR123 divides the departing flow into three intervals: the first 10 seconds of the 
displayed green period, the remainder of the green period whilst saturated, and 
after the end of the displayed green signal. Saturation flow is defined as the 
average number of vehicles passing the stop line in the middle interval, divided by 
the duration of the middle interval. Start loss is the sum of the headways in excess 
of the saturation headway for vehicles in the first 10-second interval. Similarly, 
end gain is calculated from headways in the last interval. 
The CCG splits the green period into intervals of 5-second length, calculates the 
saturation flow in each of these intervals, and averages the flows in these 
intervals. Start loss is not calculated; rather the effective green period is 
determined from the measured average capacity divided by the calculated 
saturation flow. In the absence of survey data, effective green time is taken to be 
one second greater than the displayed green time. 
Effects of heavy vehicles 
A slowly-accelerating heavy vehicle at the head of the queue results in greater 
headways for itself and the vehicles delayed behind it. This would result in 
increased start loss if it is in the first 4 vehicles using the HCM definition, or in 
the first 10 seconds using the ARR123 definition. If it were to cross the stop line 
after the fourth vehicle or 10 seconds, it would be counted as contributing to the 
saturation flow rate, usually reducing it. If the heavy vehicle were to cross the stop 
line during the third interval, after the signal turns yellow, it would be counted in 
the calculation of end gain. The first and last of these achieve a change in capacity 
through altering the effective green time; the second does so through altering the 
saturation flow. 
In determining an appropriate signal timing plan for an intersection, often a range 
of green times and cycle lengths are examined. A procedure which increases start 
loss with the proportion of heavy vehicles will give a capacity reduction due to 
heavy vehicles that varies with green time. Anecdotally, this can be seen to occur 
when a heavy vehicle departs from the front of a queue during a movement with a 
short green time, using up a large proportion of the time available. If the green 
time was longer, the proportional reduction in capacity would be less. 
The effect of the position of heavy vehicles in the queue is not well understood in 
the existing models, as it is “averaged out” in the data. Additionally, for the case 
of a long and/or very slowly-accelerating heavy vehicle in the queue, the full 
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saturation flow may not be achieved by the end of the first interval of 10 seconds 
or 4 vehicles. 
Further research is required to better understand the effect of position in queue of 
heavy vehicles such as MCVs in the estimation of start loss, end gain and 
saturation flow. The PCEs of these vehicle types also require formal calibration. 
MODEL DEVELOPMENT 
A macroscopic model such as the one presented above does not predict the actions 
of individual vehicles, and as such is not the best suited to understanding the 
effects of specific vehicle types such as MCVs. Similarly, a microsimulation 
model is not appropriate for use in a guide or manual such as the HCM, ARR123 
or CCG. These require a deterministic model which is relatively easy to 
implement as a procedure and uses a sufficient, but not excessive, input data set. 
This minimal data set would include the traffic composition, or at least the 
proportion of heavy vehicles.  
It was proposed to develop a microsimulation-based model of vehicles at an 
intersection approach, and then to calibrate a macroscopic model, based upon 
existing specific models, to match the results predicted by the microsimulation 
model over a range of conditions with respect to occurrences of particular types of 
heavy vehicles in queue. 
The microsimulation model of vehicles at an intersection approach was developed 
in a spreadsheet. Vehicles are assumed to arrive at a constant rate, decelerate and 
stop at the intersection, and then commence acceleration at the driver’s reaction 
time after the vehicle in front does so. Heavy vehicles are represented by vehicles 
having a greater length and lower acceleration rate; and all vehicles accelerate at a 
rate given by the lesser of their own capability and that of the vehicle in front. A 
more detailed car-following model could have been used, however Newell (2002) 
suggested that this type of model, displacing trajectories in time and space, is at 
least as accurate as more complex car following models. 
Figure 2 shows the trajectory diagrams of 15 vehicles passing through a signalised 
intersection with a slowly accelerating heavy vehicle located at differing positions 
within the platoon. The microsimulation model used the following intersection 
timing and traffic parameters: cycle length, C = 120 s; displayed green time, G = 
55 s; arrival rate, q = 480 veh/h; queue departure response time = 2 s; free-flow 
speed, v = 15 m/s = 54 km/h; deceleration rate = 1 m/s²; car acceleration rate = 1.0 
m/s²; truck acceleration rate = 0.5 m/s²; car jam spacing = 7 m; truck jam spacing 
= 27 m. These values are only intended to illustrate the concepts being discussed; 
they are not necessarily representative of typical traffic flows. 
Vehicles behind the longer, slowly accelerating heavy vehicle can be seen to be 
experience greater delay than without the heavy vehicle. If the slowly accelerating 
heavy vehicle is located towards the front of the queue, then the number of 
vehicles delayed will be higher. 
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DELAY RESULTS 
The model illustrated in Figure 2 is capable of predicting the control delay of 
individual vehicles in the queue. Control delay is generally considered to be 
comprised of three components – deceleration delay, stopped delay and 
acceleration delay. In this model, the same deceleration rates are used for all 
vehicles, and the times at which vehicles commence acceleration are the same, 
dependent only on drivers’ reaction times. It is only the acceleration rate which 
differs; so, of the three components, only the acceleration delay varies with the 
presence and location of the heavy vehicle in the queue. 
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(c) 
Figure 2: Trajectory diagrams for heavy vehicle in different queue positions: 
front of queue (a), middle of queue (b), and rear of queue (c)  
Figure 3 shows the results of the simulation with the heavy vehicle in different 
queue positions. The sum of the control delay for the 15 vehicles in the simulation 
can be seen to be greatest with the heavy vehicle at the front of the queue, and to 
decrease towards that of the base case as it is moved rearwards in the queue. 
Given that, in this model, vehicles commence acceleration at a fixed time after the 
previous vehicle does, stopped delay (as well as deceleration delay) was found to 
be independent of the position in the queue. 
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Figure 3 – Effect of heavy vehicle position on control delay 
This simulation is for a relatively long cycle time (120 s) and long displayed 
green time (55 s). Were a shorter cycle time and green time to have been used, it 
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would be expected that the proportional increase in delay due to the heavy vehicle 
in the queue would increase. 
DISCUSSION 
Delay 
Prior to the 2000 edition of the HCM, stopped delay was used as the measure of 
effectiveness to determine the level of service of a signalised intersection. The 
2000 edition redefined level of service in terms of the average control delay 
expected at a signalised intersection. One of the implications of this redefinition is 
that the acceleration (and deceleration) rates of vehicles within the queue would 
then have an effect upon the level of service of the intersection. 
To determine the expected control delay, given that delay depends upon queue 
position, the probability distribution of heavy vehicles in different queue positions 
is required. The expected control delay, E(d) is then given by the weighted 
average of control delays for heavy vehicles in different queue positions: 
( )
0
n
i i
i
E d p d
=
=  
where: 
pi = Probability of heavy vehicle being in queue position i, 
 i=0 indicates no heavy vehicle, 1ip =  
di = Control delay with heavy vehicle in queue position i. 
The literature review did not identify any references for this probability 
distribution, although it may be suggested that positions of heavy vehicles in 
queue may be affected by their commonplace position at the front of a platoon in 
mid-block situations. Collection of queue position data would be able to be 
incorporated into a larger data collection exercise. 
Lane Utilisation 
Most major freight routes through urban areas also tend to be major arterial routes 
for passenger traffic. As such they usually have multi-lane carriageways, with the 
opportunity for passenger cars to pass slower moving heavy vehicles. Particularly 
at signalised intersections, this would be exhibited as disproportionate lane 
utilisation. Drivers are aware of the generally lower acceleration rates of heavy 
vehicles and look for opportunities to change lanes to avoid being behind the 
heavy vehicle such that the average delay in each lane could tend to equalise. 
Different arrival rates may be applied to individual lanes to model this 
phenomenon. One lane would be subjected to reduced capacity due the heavy 
vehicle and would have a lower arrival rate, whilst the adjacent lane(s) would 
have greater capacity and a greater arrival rate. 
Opportunities to change lanes to avoid a heavy vehicle at a downstream signalised 
intersection depend on several factors, including sight distance and the arrival rate 
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itself. Higher arrival rates result in fewer acceptable gaps into which vehicles may 
change lanes. Thus the difference in arrival rates between adjacent lanes may be 
considered to be dependent upon the arrival rates themselves. 
Further Work 
The current model uses a constant acceleration rate. It is proposed to introduce a 
more accurate representation of acceleration as a function that decreases with 
increasing time (Bunker and Haldane 2003) or speed (Ramsay and Bunker 2003). 
Effects of grade on vehicle acceleration also need to be considered. The 
interaction of grade and heavy vehicles is not currently considered in either the 
HCM or ARR123, whereas the CCG includes the proportion of heavy vehicles in 
its grade adjustment factor for saturation flow. 
Rather than displacing vehicle trajectories in time and space, it may be 
worthwhile investigating the use of car-following theory to determine vehicle 
trajectories. Cohen (2002) applied car-following theory to signalised intersection 
queue discharge, including the effects of heavy vehicles within the departing 
platoon. A similar approach could be used here, but going the extra step of 
determining the effects on capacity and delay. 
Further development of the model to handle oversaturated conditions is also 
desired. With heavy vehicles taking up a greater proportion of the available green 
time, otherwise undersaturated movements can be forced into oversaturated 
conditions, with queues not clearing in the reduced time available. In predicting 
delay, the model needs to be able to handle this. 
Calibration of model parameters is still required, particularly in determining 
appropriate acceleration rates for cars and heavy vehicles, and the distribution of 
heavy vehicles amongst different positions in the queue. Validation of the control 
delay predicted by the model against measured delay is also required. A series of 
experiments is currently being planned to provide this data. 
CONCLUSION 
This paper is intended to introduce a more thorough approach to handling heavy 
vehicles in the analysis of signalised intersection capacity and delay. By placing 
greater emphasis on positions in queue than had previously been done so, it is felt 
that a more accurate characterisation of intersections subject to significant 
proportions of heavy vehicles, and in particular multi-combination vehicles, can 
be obtained. 
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